The GPG/Vall hamster is an animal model that exhibits seizures in response to sound stimulation. Since the superior colliculus (SC) is implicated in the neuronal network of audiogenic seizures (AGS) in other forms of AGS, this study evaluated seizure-related anatomical or neurochemical abnormalities in the SC of the GPG/Vall hamster. This involved calbindin (CB) and parvalbumin (PV) immunohistochemistry, densitometric analysis and high performance liquid chromatography in the superficial and deep layers of the SC in control and epileptic animals. Compared to control animals, a reduction in SC volume and a hypertrophy of neurons located in the deep layers of the SC were observed in the epileptic hamster. Although, analysis of CB-immunohistochemistry in the superficial layers did not show differences between groups, analysis of PV-immunostaining in the deep SC revealed an increase in the mean gray level within immunostained neurons as well as a decreased immunostained neuropil in the GPG/Vall hamster as compared to control animals. These alterations were accompanied by a decrease in the levels of GABA and increased levels of taurine in the epileptic animal. These data indicate that the deep SC of the GPG/Vall hamster is structurally abnormal; suggesting its involvement in the neuronal network for AGS.
Introduction
The genetically epilepsy-prone hamster (GPG/Vall) is an animal model that exhibits generalized tonic-clonic seizures in response to sound stimulation (Soria Milla et al., 1987; GilVerona et al., 1991) . These seizures involve several stages including (1) a short latency period from the initiation of sound stimulation to the onset of an explosive burst of wild running, (2) a wild running phase where the hamster falls over on its side, (3) tonic-clonic convulsions and (4) postictal period (Macías Fernandez et al., 1992) . Similar to other animal models of audiogenic seizures (AGS) (Penny et al., 1983 (Penny et al., , 1986 Roberts et al., 1985; Roberts and Ribak, 1986) , several morphologic and neurochemical abnormalities have been observed in the auditory pathway of the GPG/Vall hamster (Fuentes-Santamaria et al., 2005a) . These include atrophic changes starting in the cochlea and extending along the auditory brainstem as well as upregulation of calciumbuffering mechanisms in the inferior colliculus (IC) and in its afferent sources (Fuentes-Santamaria et al., 2005a) .
During the last two decades, numerous pharmacological, lesion and electrophysiological studies have demonstrated that the IC is a critical structure implicated in audiogenic seizure susceptibility (Kesner, 1966; Wada et al., 1970; Browning, 1986; Faingold et al., 1986; Millan et al., 1986; Ribak et al., 1988) . The central nucleus of the inferior colliculus (CNIC), in particular, has been proposed to be involved in AGS initiation (Willott and Lu, 1980) while the external cortex (ECIC), which receives a dense projection from the ipsilateral CNIC (Coleman and Clerici, 1987) , is implicated in the propagation of the seizures (Willott and Lu, 1980; Chakravarty and Faingold, 1996) . In several genetic models of AGS, the ECIC mediates the seizure output pathway in the neuronal network for AGS (Le Gal La Salle and Naquet, 1990; McCown et al., 1984) through its connections with the superior colliculus (SC) (Van Buskirk, 1983; Garcia-Cairasco et al., 1993) . The mammalian SC is a laminated, midbrain structure that can be functionally divided into superficial and deep laminae (for review, see Stein and Meredith, 1993) . Multisensory neurons located in the deep layers, integrate information from different sensory modalities and send their descending axons to motor and premotor centers in the brainstem that control the position of the eyes, head and pinnae (Huerta and Harting, 1982; Moschovakis and Karabelas, 1985; Guitton and Munoz, 1991; Meredith et al., 2001; Fuentes-Santamaria et al., 2006) . Because the activity of these multisensory neurons depends on the coordination of afferents from a number of morphologically diverse neuron types, including those from the inferior colliculus, it has been proposed that SC neurons may play a significant role in the efferent pathway implicated in the AGS (Faingold and Randall, 1999; Faingold and Casebeer, 1999) .
Evidence suggests that the SC is a requisite nucleus for the propagation of AGS activity (Ross and Coleman, 2000) . Supporting this idea, in situ hybridization studies to reveal cfos-mRNA have demonstrated increased labeling in the deep SC after sound-induced seizures in genetically epilepsyprone rats (GEPR-9s), suggesting the involvement of this structure in the progression of seizure activity (Ribak et al., 1997) . Additional evidence for a critical role of the SC in AGS comes from pharmacological studies based on focal microinjections of GABA antagonists into the deep SC of normal rats (Cools et al., 1984; Millan et al., 1986) . These studies show that low dose injections of either picrotoxin or bicuculline can generate not only spontaneous seizure activity (Millan et al., 1986) but also wild running behavior (Cools et al., 1984) . Interestingly, a rapid burst firing of neurons located in the deep layers of the SC has been observed in freely moving GEPRs with chronically implanted electrodes, suggesting that the deep layers play a key role in triggering the wild running behavior that begins AGS (Faingold and Randall, 1999) . The specific role played by the SC in the neuronal network for AGS is partially unknown. Cellular factors including intracellular calcium concentration and inhibitory and excitatory neurotransmitters could also be affected in the SC of different animal models of AGS and thus, contributing to the generation of convulsive behaviors exhibited during seizures.
Accordingly, the present project investigates morphologic and neurochemical alterations in the SC of the GPG/Vall hamster by using immunocytochemical methods, densitometric analysis, and high performance liquid chromatography (HPLC). Specifically, our goal was to test the hypothesis that the deep layers of the SC, which contain multisensory neurons, present abnormalities that may have substantial effects in the efferent response required for the generation of motor seizures.
Methods

Experimental animals
Data were obtained from seven epileptic (GPG/Vall) and seven age-matched control hamsters (Golden Syrian hamster, Mesocricetus auratus). All animals (7-month-old males) were handled and cared for according to the Guidelines of the European Communities Council Directive (DOCE L222; 8-24-1999 ) and the current Spanish legislation for the use and care of laboratory animals (RD 233/88). Efforts were made to minimize the animals' discomfort and the number of animals used. The GPG/Vall hamster strain, which exhibits audiogenic seizures in response to sound stimulation, is housed at the University of Valladolid (Spain). Control hamsters were purchased from Charles River Company (France) 3 months before experiments were carried out to avoid bias in the analysis and interpretation of the distribution of immunostaining that could be due to either a new acoustic environment or to the effect of a stressful situation after shipment. All the animals used for immunocytochemistry and for HPLC were tested for audiogenic seizure susceptibility once every 15 days, for a total of 11 tests, under the same conditions. Because these seizures first appear around day 20 of postnatal life, the first seizure was induced at 30 days of age (Soria Milla et al., 1987) . For seizure induction, the auditory stimulus was white noise with a frequency of 1-20 kHz, an intensity of 60-80 dB and duration of 20 s (Soria Milla et al., 1987) . The last seizure was induced 1 month before they were sacrificed at 7 months of age. Control hamsters never exhibited sound-induced seizures. Hamsters were held under environmentally controlled conditions (06:00 a.m.:20:00 p.m. light/dark cycle, 25 • C, with food and water available ad libitum).
In order to determine morphologic and biochemical abnormalities in the SC of the GPG/Vall hamster compared to control animals, four sets of experiments were performed: (1) AChE and Nissl-staining were used to determine both laminar boundaries and possible atrophic changes in the SC, (2) calbindin and parvalbumin immunocytochemistry were carried out to study possible alterations in the distribution of these calcium-binding proteins in the superfi-cial layers and deep layers of the SC, respectively, (3) densitometry was used to quantify levels of calbindin and parvalbumin immunostaining within neurons and fibers and (4) HPLC was conducted to determine amino acid levels in this midbrain structure.
Acetylcholinesterase (AchE) histochemistry
Sections were rinsed with distilled water and incubated for 1 h in 50 ml of a solution containing sodium acetate (0.1 M, pH 5.0), copper sulfate, glycine, acetylthiocholine iodide and iso-OMPA. After incubation, sections were rinsed with distilled water, and placed for 2 min in a solution of 1.5% sodium sulfide. Then, sections were rinsed again and placed in 1% silver nitrate for 2 min. After a final rinse, they were mounted, dried, cleared, and coverslipped.
Anatomical boundaries
In order to determine laminar boundaries within the SC, the last two series of sections were used for AChE as well as for Nisslstaining. One of the main advantages of AChE staining is that it predominantly stains fibers, which allows SC laminar boundaries to be easily determined (compare 1A with 1B). Similar to other mammals (Kanaseki and Sprague, 1974) , and in agreement with a previous study in the hamster (Chevalier and Mana, 2000) , the SC is a laminated structure usually divided into superficial and deep layers. The superficial layers include the stratum zonale (SZ), stratum griseum superficiale (SGS), and stratum opticum (SO), while the deep layers consist of the stratum griseum intermediale (SGI), the stratum album intermedium (SAI), the stratum griseum profundum (SGP) and the stratum album profundum (SAP).
Immunocytochemistry
Control (n = 3) and epileptic (n = 3) adult male golden hamsters were deeply anesthetized with pentobarbital (60 mg/kg) and perfused transcardially with a 0.9% saline wash followed by a fixative solution of 4% paraformaldehyde, 0.1% glutaraldehyde, and 15% saturated picric acid in 0.1 M phosphate buffer pH 7.4 (PB). Brains were removed and cryoprotected for 48 h at 4 • C in 30% sucrose in PB. Coronal sections of 40 m thickness were sectioned on a freezing sliding microtome (Microm HM400; Leica, Heildelberg, Germany). SC sections from control and epileptic animals were collected in PB in four alternating series and processed simultaneously. The first two series of sections were incubated overnight at 4 • C in a primary antibody solution diluted in TBS (Tris-buffered saline, pH 7.6) containing 0.2% Triton X-100 (TBS-Tx 0.2%) to detect either calbindin (mouse anti-calbindin monoclonal antibody Sigma, St. Louis, MO, USA; 1:1000) or parvalbumin (mouse anti-parvalbumin monoclonal antibody Sigma, 1:1000). After four 15 min rinses in TBS-Tx 0.2% pH 7.6, sections were incubated in a solution of biotinylated secondary antibody (1:200) diluted in the same buffer (Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature. The Vector biotin-avidin procedure (ABC kit #PK4000) was used to link the antigen-antibody complex to HRP, which was visualized by using the diaminobenzidine tetrahydrochloride (DAB, 0.01%) peroxidase histochemistry procedure. Sections of control and epileptic hamsters were incubated 4-6 min in DAB-peroxidase solution in order to ensure an adequate interpretation of the results. Finally, the sections were mounted on gelatin-coated slides and dehydrated with a graduated alcohol-xylene series and coverslipped with cytoseal (Stephens Scientific, Riverdale, NJ, USA).
Specificity of the antibodies
Control experiments were carried out by incubating sections in the absence of the primary antibody, either calbindin or parvalbumin. No immunostaining was detected under these conditions. Furthermore, the specificity of the antibodies used in the present study has been tested previously for several brains regions and also by Western blot (Vater and Braun, 1994; Chard et al., 1995; Henkel and Brunso-Bechtold, 1998; Martignoni et al., 2004) .
Densitometric analysis of calbindin and parvalbumin immunostaining
The densitometric analysis method used in this study has been described in detail previously (Fuentes-Santamaria et al., 2003 , 2005b Alvarado et al., 2004 Alvarado et al., , 2005 . The analysis was performed in four equally spaced sections from the middle third of the nucleus in each animal, avoiding the rostral and caudal poles. In each section, three sampling fields (dorsal, middle and ventral) were defined in the deep layers in both control and epileptic animals. Selected fields for the quantification of calbindin and parvalbumin immunostaining were examined with brightfield illumination using a Leitz DMRB microscope with a 40× objective and images were captured under the same conditions by using a digital camera (Cohu CCD) attached to the microscope. After the color images were digitized, the red channel was used to obtain eight-bit images containing grayscale values from 0 (white) to 255 (black). Considering that the captured images could present slight variations due to the section thickness, non-uniformities in the light source, and irregularities in the microscope optics (Mize, 1985; Russ, 1990 ) that might affect the densitometric analysis, an unbiased normalization process, based on the signal-to-noise ratio principle (Herborn et al., 2002) , was applied using the Scion Image software (Scion Corp., version beta 4.0.2). This procedure allows an adequate comparison and better visualization of the labeling in the SC in both control and epileptic animals (Fuentes-Santamaria et al., 2003) .
A profile was defined as immunostained if the mean gray value was above that threshold for detection that was set as two standard deviations above the mean optical density of the whole image (Fuentes-Santamaria et al., 2003 , 2005a Alvarado et al., 2004 Alvarado et al., , 2005 Alvarado et al., , 2007 . Since it has been reported that immunostaining can be used as a relative measure of antigen levels (Huang et al., 1996; Yao and Godfrey, 1997) , the mean gray level within the SC was used as an indirect indicator of the amount of either calbindin or parvalbumin in superficial and deep layers, respectively. In addition, given that changes in the mean gray level of immunostaining within each SC layer could be due either to changes in the immunostained neuropil and/or immunostained neurons, the mean gray level of the immunostained neuropil and the mean gray level within SC neurons were quantified as a measure of either calbindin or parvalbumin levels in the GPG/Vall hamster compared with control animals. Therefore, for comparison between control and epileptic groups, three quantitative indices were measured in calbindin and parvalbumin immunostained sections: (1) mean gray level of immunostaining within the nucleus, (2) mean gray level within neurons, and (3) mean gray level of the immunostained neuropil.
Measurement of SC volume
Using Neurolucida software (Microbrightfield, Colchester, VT), the perimeter of the SC in both control and epileptic animals was traced from every fourth cresyl-violet section throughout its rostrocaudal extent. The total volume of each SC was estimated from the compiled data using the Neuroexplorer component of Neurolucida. The mean volumes of the SC for both control and experimental groups were calculated and compared using a Student's t-test.
Measurement of the cross-sectional area of SC neurons
Cross-sectional areas of SC neurons in both GPG/Vall and control hamsters were measured from every fourth cresyl-violet section throughout the middle third of the nucleus using a 60×-oil immersion objective. Only neurons with a well-defined cytoplasm, clear nuclear outline and a visible nucleolus were measured in Nisslstained sections. Quantification was performed using the software Scion Image for Windows.
Measurement of amino acid levels in the SC
Sample preparation Control (n = 4) and epileptic (n = 4) adult male golden hamsters were decapitated with a small animal decapitator and without anesthesia. The animal head was quickly frozen on dry ice, the brain removed and the SC isolated from the frozen head. Since the duration of time between death and cessation of tissue biochemical activity has been reported to affect measured concentrations of some amino acids (Tews et al., 1963; Shank and Aprison, 1971; Balcom et al., 1975) , the dissection of the SC was performed as quickly as possible (between 2 and 3 min). Each tissue sample was weighed (approximately 20 mg), homogenized in 0.4N perchloric acid, sonicated (Soniprep 150 MSE, Watford, UK), and centrifuged (Hettich Mod. EBA12, Prague, Czech Republic) at 15,000 rpm for 20 min. The upper clear supernatants were then transferred into glass or plastic tubes inserts for HPLC measurement of amino acids.
HPLC analysis
For HPLC analysis, supernatants were neutralized with 0.1N sodium hydroxide and derivatized with ortho-phthal-dialdehyde (OPA). The amino acids derivatization was performed following essentially the method described by Jones et al. (1981) with one modification. In the derivatization reaction, the 2-mecaptoethanol was substituted by 3-mercaptopropionic acid. This change improved the analysis sensitivity as much as two-fold (Herranz, personal communication). The method sensitivity was 1 pmol/l. The fluorescent derivatized amino acids were separated by reversed-phase chromatography on a Micra C18 column (33 mm × 4.6 mm, particle size 1.5 mm) using gradient elution. The mobile phase was comprised of solvent A (0.05 M sodium acetate; pH 5.88) and solvent B (methanol) with a binary gradient. Ultra pure water and solvents were filtered through 0.20 m filters from Millipore (Bedford, MA, USA). The solvent flow rate was adjusted to 0.5 ml/min and the injection volume was 10 l. Fluorescence detection (Perkin-Elmer LS4) was performed at 365 and 455 nm for excitation and emission wavelengths, respectively. Amino acids were identified by their retention times, and their con- Figure 1 Low-magnification digital images showing AChE (A and B) and cresyl-violet (C and D) stained coronal sections of the SC in control and epileptic animals. These stained sections were used to determine laminar boundaries according to stained fibers (A and B) and neurons (C and D), respectively. Qualitatively, there was not an obvious decrease in size of the SC of the GPG/Vall hamster. However, measurement of SC volume revealed a significant decrease (4.21 ± 1.74%) in the size of the SC of epileptic animals compared to control hamsters. Dashed lines in A and C indicate the approximate borders between SC layers. Scale bar = 500 m in D (applies to A-D). Abbreviations: SZ, stratum zonale; SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermediale; SGP, stratum griseum profundum; PAG, periaqueductal gray. 
Image processing
To prepare the figures, the size and brightness of the images were adjusted using Adobe Photoshop (version 5.5) and Canvas (version 6.0). These adjustments in no way altered the immunostaining pattern of each antibody.
Statistical analysis
Immunocytochemical data were expressed as means ± standard error while concentrations of each amino acid were as nmol/mg wet weight. Data were analyzed statistically using a Student's t-test. Statistical significance was determined at a level of P < 0.05.
Results
Morphology of the SC of the GPG/Vall hamster
In order to delineate the patterning of the SC of control and epileptic animals, AChE and cresyl-violet stained sections were used to determine laminar boundaries according to stained fibers and neurons, respectively (Fig. 1A-D) . Survey of sections stained with either AChE or cresyl violet did not show an obvious decrease in overall size of the SC of the GPG/Vall hamster compared to control animals ( Fig. 1A-D) . However, comparisons of volume measurements in coronal sections through comparable levels of the SC revealed a small but significant reduction (4.21 ± 1.74%) in the size of the SC of epileptic animals. In addition to changes in volume, the cross-sectional area of cresyl-violet stained neurons was examined in both control and GPG/Vall animals (Fig. 2) . Accordingly, a statistically significant increase (P < 0.0001 for the SGI and P < 0.05 for the SGP) in the cross-sectional area of neurons located in the deep layers but not in the superficial layers of SC was observed in the GPG/Vall hamster compared to control animals ( Fig. 3 ; also compare arrows Figure 3 Bar graph showing the mean cross-sectional area of cresyl-violet stained neurons in the SC in control and GPG/Vall hamsters. A significant increase in the area of Nissl-stained neurons located in the deep layers (SGI and SGP) but not in the superficial layers was observed in the epileptic hamster compared to control animals. Values indicate mean, and error bars, standard errors. * Significant differences between groups (P < 0.05); n indicates the number of neurons measured in control and epileptic animals.
in Fig. 2E-F and G-H for the SGI and the SGP, respectively).
Calbindin distribution in the SC of control and GPG/Vall hamsters
In control animals, calbindin immunostaining was distributed in the superficial layers of the SC (Fig. 4A) . Little calbindin immunostaining was observed however in the deeper layers, with the exception of a few scattered immunostained neurons in the SGI (Fig. 4A) . Specifically, the SZ and the SGS presented a lightly immunostained neuropil and immunostained neurons that were small in size with round cell bodies and with dendritic processes that sometimes were not clearly visible ( Fig. 4B ; also see Fig. 5A ). A similar pattern was also observed in the fibrous layer SO, although with a higher neuronal density (Fig. 4C) . In general, neurons in this layer had stellate and fusiform morphologies and were darkly immunostained (arrows in Fig. 4C , also see Fig. 5B ) although a few neurons immunostained lightly were also observed (Fig. 4C) . Most of the neurons in the SO had immunostained dendritic fields that were either oriented upward toward the superficial layer or running in all directions (Fig. 4C ). For comparison with epileptic animals, three quantitative indices of calbindin immunostaining were measured as described in Methods: (1) mean gray level within the nucleus, (2) mean gray level within neurons, and (3) mean gray level of the immunostained neuropil (Fig. 6) .
Analysis of calbindin immunostaining in the SC of the GPG/Vall hamster did not show a different immunostaining pattern compared to control animals (Figs. 4 and 5) . Quantitative measurements of the mean gray level throughout the SZ, SGS and SO, the mean gray level within neurons in these layers and the mean gray level of the immunostained neuropil revealed no significant differences between epileptic and control hamsters (Fig. 6 ).
Parvalbumin distribution in the SC of control and GPG/Vall hamsters
Parvalbumin immunostaining in the SC of control hamsters was distributed in a pattern that was complementary to the distribution of calbindin immunostaining (compare Figs. 4 and 7) . As shown in Fig. 7A , the immunostaining within neurons and fibers was restricted to the deep layers, with the exception of a few scattered immunostained neurons in the SGS that will not be considered further here. No parvalbumin immunostaining was observed either in the SZ or in the SO. Within the SGI, although medium and large multipolar neurons lightly immunostained were the most abundant population (black arrows in Fig. 7B ; also see Fig. 5C ), small round immunostained neurons were also present (white arrowheads in Fig. 7B ). Conversely in the SGP, small round immunostained neurons were most common ( Fig. 7C ; also see Fig. 5D ). Notice that the neuropil in the SGI and SGP was darkly immunostained, particularly in the ventrolateral part of the nucleus (Fig. 7B and C) .
Analysis of parvalbumin immunostaining in the deep layers of the SC of the GPG/Vall hamster showed a different pattern of immunostaining compared to control animals (compare Fig. 7D with Fig. 7A ). Specifically, parvalbumin Figure 4 Digital images illustrating the distribution of calbindin immunostaining in the superficial layers of the SC in control (A-C) and epileptic (D-F) animals. No differences in the pattern of calbindin immunostaining were observed between groups. In the SZ and SGS, the immunostained neuropil as well as the immunostained neurons (arrows in B and E) were lightly immunostained in both control and epileptic animals. A similar pattern of distribution was observed in the SO, although neurons were more darkly immunostained (arrows in C and F). Dashed white lines in A indicate the approximate borders between SC layers. Square boxes in A and B indicate the location of the higher images shown in B and C and E and F, respectively. Scale bar = 500 m in D (applies to A and D), 100 m in F (applies to B, C, E and F). Abbreviations: SZ, stratum zonale; SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermediale; SGP, stratum griseum profundum; PAG, periaqueductal gray.
was detected mainly within somata that were mostly intermediate to large in size and were pyriform or round in shape (Fig. 5G-H) . These immunostained neurons were darker and larger in size compared to control animals (Fig. 5 , also compare Fig. 7E with Fig. 7B and Fig. 7F with Fig. 7C for the SGI and SGP, respectively). Conversely, the immunostained neuropil in the GPG/Vall hamster was decreased throughout the nucleus (compare Fig. 7D with Fig. 7A ). Densitometric analysis of parvalbumin immunostaining throughout the deep layers of the SC in both groups indicated that despite a lack of change in the overall mean gray level, there was a significant increase (P < 0.0001 for the SGI; P < 0.0001 for the SGP) in the mean gray level within neurons as well as a significant decrease (P < 0.01 for the SGI; P < 0.05 for the SGP) in the immunostained neuropil in the deep layers of the GPG/Vall hamster compared to control animals ( Fig. 8 ; also see Figs. 5 and 7).
Measurement of amino acid levels in the SC
In order to evaluate changes in amino acid levels that could be associated with seizure-susceptibility, the concentrations of aspartate, glutamate, glycine, taurine and GABA in the SC of control and epileptic animals were determined by HPLC. No differences between epileptic and control animals were observed in the levels of the excitatory neurotransmitters (Table 1) . Conversely, analysis of the inhibitory system in the SC showed a decrease in GABA levels as well as an increase in taurine concentration without changes in glycine levels in the GPG/Vall hamster compared to control animals (Table 1) .
Discussion
In the present study, morphologic and neurochemical abnormalities in the deep layers of the SC of the GPG/Vall hamster that might be associated with seizure susceptibility were investigated by using immunocytochemical, densitometric analysis and HPLC. Analysis of Nissl-stained sections revealed a small but significant reduction in the SC volume in the GPG/Vall hamster compared to control animals. This decrease was concomitant with a significant increase in the cross-sectional area of cresyl-violet stained neurons located in the deep but not in the superficial layers of the SC. Quantitative analysis of calbindin immunostaining (immunostained fibers and neurons) in the superficial layers of the SC did not show significant differences between epileptic and control animals. Conversely, analysis of parvalbumin immunostaining in the deep layers of the GPG/Vall hamster revealed a significant increase in the mean gray level of parvalbumin immunostaining within neurons as well as a decreased immunostained neuropil compared to control hamsters. In addition to these changes, amino acid analysis of the SC of the epileptic hamster with HPLC revealed a significant decrease in the levels of GABA and increased levels of taurine without significant changes in glutamate, aspartate and glycine levels compared to control hamsters.
Several studies have evaluated the contribution of the SC in the neuronal network for audiogenic seizures in a variety of audiogenic seizure-susceptible animals (Willott and Lu, 1980; Cools et al., 1984; Millan et al., 1986; Ribak et al., 1994 Ribak et al., , 1997 Faingold, 1999; Faingold and Casebeer, 1999; Faingold and Randall, 1999) . Accordingly, in situ hybridization studies for c-fos-mRNA in GEPR-9s have shown a dense labeling in the intermediate and deep layers of the SC after AGS, providing evidence that this nucleus is involved in the propagation of seizure activity (Ribak et al., 1997) . Similarly, the role of the SC of GEPR-9s in seizure progression is supported by reduction of the audiogenic response score after bilateral knife cuts (Ribak et al., 1994) . Faingold and Randall (1999) examined the firing of SC neurons located in the deep layers of the SC as well as the convulsive behavior in freely moving GEPRs with chronically implanted electrodes and observed that these neurons exhibited a rapid burst firing that precedes the wild running phase of AGS. This intense firing pattern may be due to an increased input to the deep layers of the SC from auditory nuclei as well as to alterations in inhibitory and excitatory amino acids (Faingold and Randall, 1999) . Similar to GEPRs, the present study also suggests that the SC of the GPG/Vall hamster is implicated in the neuronal network of AGS. In particular, a reduction in the volume of the SC of the epileptic hamster has been observed compared to control animals. Decreases in volume have been associated with structural damage not only in animal models of AGS (Fuentes-Santamaria et al., 2005a) , but also in different brain regions of patients having different types of epilepsies (Barr et al., 1997; Lawson et al., 2000; Bernasconi et al., 2001 ). The present findings also report a significant increase in the mean cross-sectional area of neurons located in the deep layers of the SC of the epileptic hamster compared to control animals which is consistent with alterations in presumptive output neurons projecting to Values expressed as nmol/mg wwt, are means and standard error. Asterisk ( * ) indicates significant differences between control and GPG/Vall hamsters (P < 0.05).
Figure 7
Digital images illustrating the distribution of parvalbumin immunostaining in the deep layers of the SC in control (A-C) and epileptic (D-F) animals. Although within the SGI and SGP of both groups, medium and large multipolar neurons were the most common population, small neurons were also observed (compare arrows with arrowheads in B and E, and C and F for the SGI and SGP, respectively). In the GPG/Vall hamster, while the immunostained neuropil was decreased, the immunostained neurons in the deep layers (SGI and SGP) were darker and larger in size compared to control animals (compare arrows in E and F with arrows in B and C, for the SGI and SGP, respectively). Dashed white lines in A indicate the approximate borders between SC layers. Square boxes in A and B indicate the location of the higher images shown in B, C, E and F. Scale bar = 500 m in D (applies to A and D); 250 m in C (applies to B, C, E and F). Abbreviations: SZ, stratum zonale; SGS, stratum griseum superficiale; SO, stratum opticum; SGI, stratum griseum intermediale; SGP, stratum griseum profundum; PAG, periaqueductal gray.
premotor and motor centers. Neuronal hypertrophy also has been reported for spiral ganglion cells in the GPG/Vall hamster (Fuentes-Santamaria et al., 2005a) and also for neurons in the neocortex of patients with temporal lobe epilepsy (Bothwell et al., 2001) . Although the functional significance of this hypertrophy is not clear, it has been hypothesized that it may represent an increased metabolic support necessary for the new growth of synaptic endings that might be replacing degenerating axons (Bothwell et al., 2001) due to brain damage in epileptic patients (Houser, 1992; Du et al., 1993) . Consistent with this hypothesis, the atrophic changes reported in the ascending auditory pathway in the GPG/Vall hamster (Fuentes-Santamaria et al., 2005a ) could lead to a reduction in synapses in the deep layers of the SC. Such atrophy would induce sprouting of new terminals that consequently, may increase the excitatory flux into SC neurons and as a result, the likelihood of epileptic seizures (Bothwell et al., 2001 ). Epileptic seizures have been shown to affect not only excitability but also neuronal viability and intracellular signaling pathways in which calcium-related mechanisms are involved (Palayoor and Seyfried, 1984) . Calcium-binding proteins contribute to regulation of intracellular calcium concentration in neurons in the nervous system (Baimbridge et al., 1992) . Interestingly, it has been suggested that intracellular calcium, and therefore, calcium-binding protein levels, could be regulated by modifications in neuronal electrical activity (Braun et al., 1991; Winsky and Jacobowitz, 1995; Fuentes-Santamaria et al., 2003 , 2005b Alvarado et al., 2004 Alvarado et al., , 2005 . One of these proteins, calbindin, has been used in the present study as a neuronal marker for investigating possible activity-related changes in the superficial layers of the SC of the GPG/Vall hamster. No changes in calbindin immunostaining either within neurons or fibers were observed in the superficial layers of the SC in the GPG/Vall hamster compared to control animals (Behan et al., 1992; Park et al., 2004) , suggesting that levels of this protein are probably not modulated by changes in activity during AGS.
Conversely to calbindin, parvalbumin is a useful marker of neurons with high levels of electrical and metabolic activity (Braun et al., 1985 (Braun et al., , 1991 Kawaguchi et al., 1987) . This protein labels efferent neurons whose axons exit the SC via the tectoreticular pathway en route to the contralateral brainstem (Meredith and Stein, 1986; Wallace et al., 1993; McHaffie et al., 2001; Fuentes-Santamaria et al., 2006) , which is consistent with the present study reporting parvalbumin within intermediate and large multipolar neurons in the deep layers of the SC in control and epileptic animals. An increase in the mean gray level of parvalbumin immunostaining within neurons as well as a decreased immunostained neuropil have been found in the deep layers of the SC of the GPG/Vall compared to control animals. Upregulation in the levels of calcium-binding proteins has been reported in the IC after sound stimulation (Idrizbegovic et al., 1999) and cochlear ablation (Fuentes-Santamaria et al., 2003; Alvarado et al., 2005) , suggesting that calcium-buffering capacity is regulated by neuronal activity. Therefore, it might be expected that increased excitability as a consequence of downregulation in inhibition (McAlpine et al., 1997; Mossop et al., 2000; Salvi et al., 2000) could lead to increased calcium-binding protein levels within auditory neurons. Accordingly, increased levels of parvalbumin immunostaining in the IC and also in its afferent sources have been observed in the GPG/Vall hamster (Fuentes-Santamaria et al., 2005a) . This upregulation may be the result of an attempt to attenuate degeneration and therefore improve cell survival (Beers et al., 2001 ). Thus, it is possible that the significant decrease in the parvalbumin immunostained neuropil observed in the SC of the GPG/Vall hamster indicates an atrophy of neuronal processes such as dendrites while the significant increase in the mean gray level within parvalbumin immunostained neurons represents a neuroprotective effect against calcium overload associated with epileptic seizures (Kamphuis et al., 1989; Fabene et al., 2001 ). This upregulation may also reflect abnormalities in other calcium-related processes such as altered voltagedependent calcium channel currents (Burgess and Noebels, 1999) .
The evidence for the involvement of GABA in the SC in seizures comes from pharmacologic studies demonstrating that focal microinjections of GABA antagonists into the deep SC of normal rats can generate spontaneous seizure activity (Millan et al., 1986) and also wild running behavior (Cools et al., 1984) . In particular in the IC of several genetic models of epilepsy, a decreased effectiveness of inhibition has been suggested to be one of the most important mechanisms modulating AGS susceptibility (see Faingold, 2002 for review; also see De Cabo de la Vega et al., 2006) . Such a decrease has been proposed to be the result of either a genetically induced decrease in postsynaptic sensitivity to GABA or a compensatory mechanism for the hearing deficit in these animals . In the present study, we found a significant decrease in the levels of GABA in the GPG/Vall hamster compared to control animals, suggesting an important role for this amino acid in the mechanism of seizure activity in the SC.
It is well-known that the duration of time between death and cessation of tissue biochemical activity affects measured concentrations of some amino acids (Shank and Aprison, 1971; Geddes et al., 1999) . In particular, a rapid postmortem increase in GABA concentration has been reported to occur in the central nervous system (Shank and Aprison, 1971 ). Thus, it is possible that the levels of GABA reported in the present study could be due to postmortem changes in this amino acid. However, although some of these changes may occur, the fact that both groups of animals were processed simultaneously and under similar conditions, suggests that the significant differences observed between groups are indeed reflecting a decrease in GABA concentration in the epileptic hamster compared to control animals. In agreement with this finding, a similar decrease in GABA concentration has also been reported in several brain regions in seizure-naive and seizure-experienced GEPRs (Lasley, 1991) and also in mice after electroshock-induced epilepsy (De Luca et al., 2004) . In contrast with the decreased levels of GABA in the SC described in the present study, Ribak et al. (1988) reported an increase in the concentration of GABA in the CNIC neurons in GEPRs compared to seizure-resistant animals as well as an increased number of GAD-immunostained neurons in this brain region (Roberts et al., 1985) . The discrepancy between this latter study and our findings can be resolved by consideration of the different brain regions analyzed (CNIC versus SC) and it may also reflect species differences. In addition, in the present study, a significant increase in the levels of taurine without significant changes in glutamate, aspartate and glycine levels was also observed in the SC of the GPG/Vall animals as compared to control hamsters. Taurine is an inhibitory neuromodulator with anticonvulsant effects that has been proposed to enhance glutamate metabolism in GEPRs (Bonhaus and Huxtable, 1985; Ribak et al., 1988; Lasley, 1991) . In agreement with these studies, increases in taurine concentration have been observed in the IC of GEPRs, suggesting an important role of this amino acid in the mechanism of seizure activity (Ribak et al., 1988; Lasley, 1991) . Thus, considering the anticonvulsant effect of this amino acid in different brain regions, increases in taurine levels may reflect an epilepsy-dependent compensatory mechanism in response to an abnormal GABAergic system (Lasley, 1991) .
Taken together, the present findings are consistent with the conclusions of previous studies reporting neurochemical and electrophysiological abnormalities in the SC of epilepsyprone animals (Willott and Lu, 1980; Cools et al., 1984; Millan et al., 1986; Ribak et al., 1994 Ribak et al., , 1997 Faingold, 1999) . Specifically, our data report a hypertrophy of neurons located in the deep layers of the SC of the GPG/Vall hamster together with an upregulation in the mean gray level of parvalbumin immunostaining within these neurons. These increases both in surface area and parvalbumin levels may reflect a response to increased synaptic inputs that may result from an altered inhibitory function. Whether the abnormalities of the SC observed in the present study contribute to or are a consequence of the repeated seizures is not known and will require further study. However, these findings support the studies in other species showing that the deep layers of the SC are an important component of the audiogenic seizure network. Thus, implicating the SC in yet another species strengthens further the hypothesis that the SC is universally involved in audiogenic seizures.
